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Traumatic injury to the brain is a problem as old as humanity, but advances in cognitive neuroscience
and a long-term view of the dynamic nature of the brain across the lifespan may change how the disorder
is understood and treated.Trauma to the brain can change the core of
a person’s being—their thinking, memory,
personality, and behavior. Although indi-
viduals who have suffered traumatic brain
injury (TBI) may feel alone in their struggle
to deal with the aftermath of injury, they
actually join the ranks of those affected
by one of the most common neurological
diagnoses in the United States (Rutland-
Brown et al., 2006). TBI affects every age
group and segment of society. Recent
combat-related activities have increased
the incidence of TBI as well as piqued
the attention of the public and elected
representatives. Concussions suffered
during sports activities have been a major
issue for years and are only now receiving
widespread coverage in the news media
with high-profile cases. Undoubtedly,
many more individuals have suffered brain
injury than are diagnosed. Changes in
society and advances in neuroscience
make it worthwhile to re-examine the
scope of the problem, neural mechanisms
underlying the cognitive and behavioral
deficits of this disorder, and approaches
that can be taken to help individuals that
have suffered from TBI heal. We highlight
several major paradigm shifts that must
occur for the field to advance.
The Scope of the Problem:
A Long-Term View
Although the injuries are acute, functional
deficits from TBI may produce tremen-
dous chronic burden on individuals, fami-
lies, and health care systems. Acquired
brain injuries have been a leading cause
of long-term disability in the U.S., even
before the current military conflicts, and
a leading contributor to increasing healthcare costs. The most common and persis-
tent deficits tend to be in cognitive func-
tions. The abilities to pay attention, hold
information in mind, organize, and de-
velop efficient strategies for completing
activities seem to be particularly vulner-
able (McDowell et al., 1997). Collectively,
these abilities are referred to as ‘‘execu-
tive’’ or ‘‘cognitive control’’ functions.
Deficits in these functions may directly
contribute to poor outcomes, affecting
numerous aspects of personal func-
tioning, such as the pursuit of educational
and occupational goals.
The far-reaching impact of these
seemingly ‘‘invisible’’ deficits is often not
recognized. For example, individuals
who cannot pay attention, hold informa-
tion in mind, and actively participate in
learning activities will have reduced
benefit from other rehabilitation efforts,
such as those directed toward motor
functions (Prigatano and Wong, 1999).
Individuals who have suffered a TBI may
also be at increased risk for developing
cognitive changes later in life. For
example, individuals who have suffered
moderate or severe TBI may be at 2.3
and 4.5 times increased risk of developing
Alzheimer’s disease (Plassman et al.,
2000). Risk may be increased for those
with certain apolipoprotein E genotypes
(Van Den Heuvel et al., 2007). Professional
athletes in sports where TBI is common
(e.g., American football) may have a higher
rate of memory problems and public press
have highlighted traumatic pathology
(Schwartz, 2009).
What are the mechanisms by which
TBI may contribute to worsened late-life
cognitive functioning? Does TBI simplyNeurochange an individual’s cognitive baseline,
thereby reducing the threshold at which
detectable dementia later in life would
occur, or does TBI actually alter the
course and rate of age-related cognitive
decline? The first possibility could be
mediated by a relatively simple mecha-
nism that is related to the concept of
‘‘cognitive reserve’’ (Kesler et al., 2003).
In other words, if an individual’s baseline
functioning is ‘‘knocked down’’ a notch
after a TBI, leaving a reduced reserve,
then that person is more likely to fall below
some ‘‘threshold’’ during the normal aging
process, even if the rate of decline is
unchanged.
Could there be a more dynamic ‘‘cumu-
lative’’ effect of TBI on the rate of cognitive
decline? This would have even more
fundamental implications. One must
consider the dynamic nature of brain
functioning, where development and
learning versus aging and forgetting are
constantly countering each other to deter-
mine an individual’s current level of func-
tioning. After a brain injury, an individual
may not learn as quickly nor as effectively
as he/she would have without the injury.
Thus, if continued learning over our life-
span is required to maintain brain func-
tioning during aging, what happens if
learning is impaired by TBI? In this way,
TBI could accelerate the rate of decline
during aging. Even small, possibly unde-
tectable ‘‘deficits’’ in cognitive functioning
may have a magnified effect over the
course of aging, as the effects of poor
learning accumulate.
There is no question that prevention of
TBI is the best solution. However, preven-
tive measures may not be fully effective,n 66, April 15, 2010 ª2010 Elsevier Inc. 11
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when they are fully implemented. Never-
theless, improved prevention of acute
injury may have an impact that extends
forward in time far beyond the acute
effects of injury. Research must have
a long-term view that is directed not only
at the early but also later effects of TBI.
TBI Is a Disorder of Cognitive
Control due to Frontal Systems
Impairment
The effects of TBI on cognition are
complex and have challenged clinicians
throughout history, as well as deterred
neuroscientists from pursuing studies in
this ‘‘messy’’ area of inquiry. Under-
standing the brain systems that underlie
the cognitive changes associated with
TBI should help determine what to target
in the rehabilitation of an individual with
TBI. Although TBI may affect almost
any aspect of brain functioning, effects
on cognitive control functions appear
to form a common core across many
individuals.
The neural mechanisms underlying
cognitive control is one of the most
studied areas in cognitive neuroscience,
yet advances have not been translated
into the clinical realm. In brief, cognitive
control is a term used to describe our
ability to direct thought and action based
on our goals and intentions, rather than
being driven automatically by the environ-
ment that surrounds us. Current theories
of cognitive control propose that the
prefrontal cortex (PFC) is a critical brain
region for this ability by providing top-
down signals that modulate incoming
sensory information as this information
undergoes progressively more elabora-
tive processing within association cortex
for incorporation into our stream of con-
sciousness (Mesulam, 2002). The PFC is
one of two zones of multimodal associa-
tion cortex that exist in the brain with
extensive projections to both cortical
and subcortical regions (Petrides and
Pandya, 2002). Thus, the PFC is clearly
in a privileged position to be one source
of top-down signals that could sculpt
behavior. Damage to frontal systems
following TBI can be directed to cortex,
such as with cerebral contusions, or
mediated by axonal injury, presumably
disrupting network interactions crucial
for cognitive control.12 Neuron 66, April 15, 2010 ª2010 ElsevierWhat Can Cognitive Neuroscience
Contribute to the Rehabilitation
of Individuals with TBI?
Interventions to enhance cognitive re-
covery after TBI have been limited, lack-
ing a strong clinical evidence base as
well as an informative neuroscientific
basis. The path toward effective treat-
ment may be aided by an approach that
bridges cognitive neuroscience and clin-
ical rehabilitation. Two broad types of
approaches to interventions for cognitive
dysfunction following TBI are possible:
biological modulation of neural systems,
such as via pharmacotherapy, and more
specific modification of neural systems
by cognitive training. We address inter-
ventions for chronic dysfunction, which
has received little attention relative to
acute care.
Pharmacological Interventions
There are a number of reasons to consider
neuromodulator systems of the brain as
therapeutic targets during TBI recovery.
These include findings that TBI tends to
affect cognitive functions dependent on
these neuromodulators, such as dopa-
mine, norepinephrine, acetylcholine, and
serotonin, and the predilection for TBI to
affect the cortical termination zones as
well as the long projection fibers that carry
these neuromodulators. A number of
drugs that affect neuromodulator systems
have been used in clinical practice for
years. Although clinical evidence is slowly
accumulating (reviewed in Warden et al.,
2006), the approach is generally empiric,
with little information to guide a clinician’s
prescription of one drug or another for any
given individual, leaving practice to be
driven by trial and error.
One particularly important question is
thus the specificity of any given drug for
any given cognitive function, context,
or individual. More than 10 years ago,
we demonstrated that a dopaminergic
agonist could improve executive function
in individuals with TBI, in a specific
manner with few effects on other systems
(McDowell et al., 1998). Yet, to this day,
no large-scale clinical trials have been
performed to assess the efficacy of selec-
tive dopaminergic agonists in TBI, and the
use of these drugs are not commonplace
in clinical practice. Combining therapeutic
trials with systems-specific measure-
ments developed through neuroscienceInc.would be highly valuable. For example, it
is now clear that a single dopaminergic
agent can have different dose-response
effects on different dopamine systems in
the brain. Whether through public or pri-
vate support, additional work with these
approaches needs to be done to develop
pharmacotherapy to enhance recovery
after TBI.
Cognitive Training Interventions
Pharmacotherapy and even novel neuro-
plasticity altering therapies such as stem
cell treatments may change the biology of
the brain. However, it cannot be assumed
that mechanisms of plasticity affected by
these interventions, ranging from changes
in intracellular signaling, cellular prolifera-
tion, alterations of dendritic or axonal
structures and more, will necessarily be
beneficial. They could contribute to func-
tional recovery or, just as likely, lead to
aberrant growth, such as seen with tumors
or epileptogenic foci. Ultimately, for any
neuronal changes to beneficially affect
neurological functioning, they must lead
to functional changes in neuronal net-
works.Cognitive trainingprovidesacrucial
set of methods to guide or sculpt plasticity
to achieve functionally integrated net-
works and coherent behavioral output.
As mentioned, training cognitive control
functions in particular should be the target
in TBI patients. These are functions that
have far-reaching influence on almost
any cognitive domain, serving an impor-
tant role in controlling neural processes
and behavior, including navigating
through the challenges of learning and
adaptation after injury. Thus, much more
attention needs to be paid to rehabilitating
these functions when they are disrupted
by injury. However, effective cognitive
training interventions for executive con-
trol functions are not widely available to
TBI patients. Why not? One fundamental
challenge has been to delineate the spe-
cific types of executive control processes
that should be the targets of therapy and
design therapies that effectively tap those
targets. Although a full discussion of
principles and controversies for training
executive control is beyond the scope of
this commentary (D’Esposito and Chen,
2006), we would emphasize two ap-
proaches. First, aided by advances in
cognitive neuroscience of executive con-
trol, any particular training approach
Neuron
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mechanisms of executive control (top-
down modulation, selective maintenance
of goal-relevant information, or the func-
tional integration of control networks
toward goal attainment). Determination
of these mechanisms will require adapta-
tion of neurophysiologic methods, in-
cluding brain imaging, to test the effects
of interventions in patients. Second,
cognitive training must lead to improve-
ment in function in activities of everyday
living. However, the ecologically signifi-
cant role of control functions in the
complex, low-structure settings of real
life, where individuals typically experience
difficulties, is too often not taken into
account in cognitive training approaches.
Computer-based ‘‘brain training games’’
that have staged a resurgence in interest
recently, provide a timely example for
considering the generalizability of cog-
nitive training approaches. Would playing
a number puzzle computer game be
effective for training executive control in
a manner that improves functioning in
real life? In general, there has been little
evidence to support transfer and gen-
eralization of benefits from practice on
basic tasks, such as computer games,
to improved functioning in real life
situations (D’Esposito and Gazzaley,
2006).
Real life is filled with multiple possible
choices and numerous distractions (i.e.,
information or choices that are not rele-
vant to a current goal). It is in the context
of the complexities and ambiguities of
daily life where many patients have the
most difficulty, even if they perform
perfectly well in a highly structured
setting. Whether making lunch for your
children for school or carrying out a task
at work, to succeed individuals must be
able to define the current goal, maintain
that goal in mind, then guide attention
and information processing, as well as
choices and actions based on that goal.
Failures in goal-directed self-control may
occur at any step along the way. Thus,
training in executive control must involve
the encouragement of self-direction in
the very situations where patients are
most likely to get ‘‘lost’’ without external
guidance. This type of training approach
is very different from the highly structured
‘‘drill and practice’’ approach commonly
implemented. As one example of a poten-tial intervention target, if processes of
selective information processing (often
referred to as selective attention and
working memory) influence the efficiency
and effectiveness of subsequent goal
management processes in complex situa-
tions, then training to improve selective
processing could improve goal-direction
of behavior in real life. Unfortunately, this
type of approach that bridges the cogni-
tive neuroscience of the neural systems
of control and real life is rarely taken (see
Levine et al., 2000, for one example of
this type of approach and for another
viewpoint on these issues [Cicerone
et al., 2006]).
New Frontiers in Assessing
Mechanisms of Functional
Recovery and the Effects
of Interventions?
Improved measures of the effects and
mechanisms of interventions are sorely
needed. The lack of adequate measure-
ments has limited intervention develop-
ment. Measurement development needs
to progress in two directions. First, bio-
markers of the neural processes that
mediate cognitive functions affected by
TBI (and aging) would be valuable for
determining mechanisms. The vast expe-
rience of cognitive neuroscience of cogni-
tive control in healthy individuals can
serve as a foundation for development of
these biomarkers. Just as importantly,
measurements that reflect cognitive
functioning in ecologically relevant, real
life contexts are needed. Unfortunately,
most tests of cognitive functioning, in-
cluding neuropsychological tests and
most cognitive neuroscience measures,
are not designed to reflect the complex-
ities and low structure of settings in the
‘‘real world.’’ Quite the opposite, these
tests are typically designed to isolate the
processes of interest. This is like trying
to judge how accurate a basketball player
is at shooting foul shots using measure-
ments of isolated biceps strength. On
the other hand, the few functional assess-
ment measures available tend to be quite
removed from understanding the under-
lying neural-cognitive component pro-
cesses affected by TBI. The field will
make a major breakthrough when these
two extremes are brought together to
measure cognitive control processes in
real world settings.NeuroLooking into the Future
Taking a long-term view on TBI in the
context of the lifespan leads to a major
challenge and paradigm shift for the field.
Recognizing the importance of ongoing
learning during injury recovery and aging,
we need to move beyond limited cross-
sectional comparisons toward longitu-
dinal approaches. Only with an emphasis
on follow-up measurements over time
would it become apparent whether a treat-
ment actually changes functioning in the
course of aging. Which interventions not
only provide ‘‘cognitive enhancement’’ in
the short term, during treatment, but
potentially improve ongoing learning?
Can approaches be developed and tested
not only for immediate effects but actual
enhancement of learning, recovery, and/
or maintenance over the long-term?
Keeping in mind these questions would
significantly alter the emphasis of re-
search and intervention development,
expanding the horizons for individuals
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